Abstract: Bio-derived fibres and resins are of increasing interest as alternatives to petrochemicals in the production of so-called environmentally friendly composite materials. However, whilst the majority of systems consider complete replacement, another route is to look at the constituents that are required to give certain properties, including the content of diluents; a third is to identify 'hot spots' in manufacturing. This paper considers these three possibilities in the context of the production of a resin system, and presents results from a life cycle assessment. The aim of this study was to make qualitative assertions based on quantitative estimates. The current work provides a practical assessment of the contribution of the manufacturing process of a multi-part resin formulation to a range of environmental impacts. As a part of this, a multi-stage methodology, the first of its kind, which is more relevant for the batch processes used to manufacture many structural thermosetting polymer systems, was developed. This was applied to a range of resins, some of which include bio-mass derived precursors. For the boundary conditions used, the indications are that the impacts due to taking the constituents and processing them to produce the resin system are insignificant compared with those due to producing the feedstocks in the first place. Surprisingly, whether the feedstocks were from fossil resources or were bioderived was of little significance. As a consequence of the analysis, it has been demonstrated that whilst a manufacturer can make significant savings through careful management of plant and the supporting energy mix, significant improvements to the environmental impacts of resin systems can be made through the choice of particular monomers.
Introduction

Sustainability in the Context of Composite Materials
The terms 'green composite' and 'ecocomposite' are becoming more prevalent in the composites literature; however, they are being used to define a number of different things simultaneously [1] [2] [3] , describing either a material that is derived from biomass or a material which has superior environmental properties, or both. The term bioplastic is also used, but this is usually limited to thermoplastics, typically derived from long chains processed from e.g., starches, sugars and the like [4] . As the level of understanding with regard to this class of composites matures, it is becoming more obvious that a) the terminology that is applied must become more stringently defined, b) usage must become more precise and c) that bio-derived composites are not necessarily 'green' [5, 6] .
In terms of materials, it must be remembered that sustainability is a property of the system and not of the material [7] . This is particularly relevant in the context of composite materials where the system not only consists of a plethora of raw materials, but the materials produced can be handled in a number of different ways (wet lay-up, pre-preg, etc.) and used in myriad applications in a number of sectors including aerospace, automotive, construction and marine, seeing a range of service conditions before end-of-life disposal by a number of different routes. Disposal in particular represents a significant issue as the intimate combination of two or more separate materials makes higher level actions within the waste hierarchy [8] difficult if not impossible.
Green Composites
As the price of raw materials for resins is heavily dependent on petrochemical price fluctuations, there has been a greater focus on deriving these resins from bio-based sources e.g., [9] . There is also an interest in deriving fibres from biomass e.g., [10] , although the term 'green composite' is most often associated with natural fibres, typically plant and animal fibres [11] . A range of factors must be considered when working with such fibres, see e.g., [12] [13] [14] , but in general 'as produced' fibres tend to be short and lack the uniformity one finds in manufactured fibres. Hence, waste biomass can be locally sourced and used to give a serviceable material; however, it is not usually suitable for advanced engineering applications, although such materials are perfectly adequate in other milieus.
While these fibres do have interesting properties that merit further attention, and while there is the potential to process them to a greater or lesser extent in order to produce more uniform and longer fibres (e.g., [15] ), there is perhaps greater potential in the investigation of resin systems and the processes by which they can be made more sustainable. For those interested in developing such methodologies, "Polymers, The Environment and Sustainable Development" [16] is recommended.
Recent work has considered these issues [17] [18] [19] ; in particular, 'sustainability' was measured in terms of the proportion of the resin system that was replaced by a bio-derived oil, displacing fossil-based petrochemicals [19] .
The focus of the present paper will be to provide a more robust assessment of the 'green credentials' of this class of materials. To this end, life cycle assessment (LCA, sometimes referred to as life cycle analysis) has been undertaken in order to assess existing options and to provide a baseline against which alternatives can be compared.
Life Cycle Assessment of Composites
Life cycle assessment (LCA) is a generic term for a range of 'inventory' techniques, which began to appear in multiple places independently during the late 1960s and early 1970s: see e.g., [20] . Fundamentally, the purpose of such inventory techniques is to gather all available information on the production, use and disposal of a given item, and hence, to determine the impact of the item on the environment.
Ideally, an LCA will be cradle-to-cradle, i.e. one which consolidates the impacts arising from every stage, starting with raw material extraction/sourcing, production, distribution, useful lifetime, and end of life, continuing right through to the processing of the discarded item and its subsequent re-processing in order to produce raw materials for another product [21] . Composites are complex materials with multiple potential inputs, multiple processing routes, multiple end-uses and (theoretically, at least) multiple reprocessing routes, and as such the boundary conditions applied to an LCA are likely to be more stringent than in some other contexts.
LCA has become the central concept for both environmental management within industry and governmental environmental policy making [22] . The international standards that cover LCAs are BS EN ISO 14040 [23] and BS EN ISO 14044 [24] . The framework of the LCA has been written such that it can be applied to any goods or service. The LCA can be subdivided into foreground and background systems. The foreground consists of processes that can be affected as a result of decisions based upon the study. The background consists of all of the other processes within the study. Owing to the complexity of many goods and services, in order to encompass the breadth of the system, a study will need to make a number of simplifications:
i.
system boundaries are applied to a study to limit the amount of data collected; ii.
generic data for supporting processes are used; and iii.
representation of the process based upon average performance.
On this basis, two kinds of LCA can be defined: attributional and consequential. The purpose of the former is to be able to provide an assessment of a specific product that can be compared on a like for like basis with similar products. Such an analysis may, for example, inform an eco-label that allows a consumer to compare refrigerators. By contrast, a consequential LCA can afford to be less precise in certain areas, particularly with respect to background data, but also, potentially, with respect to foreground systems that are not of interest to the study. Here then, one might be interested in comparing the production of a specific kind of refrigerator and the changes that might be made from using a different refrigerant. In this case, the transport of the refrigerator to the shop from the factory will be the same (unless the mass of the refrigerators is very different) and could potentially be ignored if accurate data were not available. The inputs and outputs of the system are generalised (grouped) into various impacts of interest. It should be noted that these will be impact potentials, not the real impacts that will be experienced [22] . This is done so that it is possible to identify the impacts of greatest concern (hotspot analysis). A hotspot will indicate where the greatest focus should be in improving the sustainability of a product or service.
Some products are easier to assess than others. For example, products that are feedstocks for multiple users are much more complex to provide an inventory for, and of course polymers and polymer matrix composites fall into this category. The important thing to carry forward is that it is not always possible to provide an assessment that is perfectly accurate, usually due to the lack of good quality (or any) data when preparing the inventory. This can be perceived as a major barrier to carrying out an assessment, but even generalised assessments can be valuable in highlighting issues within the production, use, and disposal of an item. Another perceived issue is the complexity of processing and manufacturing; however, streamlining methodologies have been found to be very successful in highlighting issues in production, which would not be captured if LCA was reserved as a corporate strategic tool e.g., [7] .
LCAs of various composites have been carried out including natural fibre systems [25] comparisons of natural fibre and glass fibre systems [5] and composite parts for specific applications [26, 27] . It has also been noted that LCA is frequently carried out after the part has been produced, when in fact, using materials selection techniques and a fundamental knowledge of composite materials, it should be possible to carry out the LCA before the part is produced [28] : this represents a significant challenge to the assertion that LCA should be kept apart from the design process [29] .
LCA of polymer resins typically used in composite systems has been carried out previously, e.g., [30] [31] [32] . Such studies follow typical LCA processes and limit the scope of the study quite severely, making many assumptions to simplify the case as much as possible, e.g.:
• in some cases, only energy inputs and materials that directly report the resin system were included, whereas in some, other aspects (cleaning, transport, etc.) were included; • batch processes were typically modelled in an aggregated manner, i.e., as if all inputs and output occurred at once, or rather summing over all inputs or outputs; and • all the studies showed that the raw materials had a greater environmental impact compared to on site production, despite differences in system boundaries, or different results which could be expected due to the differences in system boundaries.
A more in-depth study has been carried out, which goes so far as to consider specific health issues that might arise through the lifetime of a particular polymer [33] : despite failing to distinguish between thermosets and thermoplastics and making the assumption that bioderived feedstocks will form a separate class of materials rather than being used to replace petrochemical feedstocks for existing resin formulations, this work does provide an exemplar when comparing a number of different polymers.
Current Work
Thermosetting polymer resins provide the majority of matrices for fibre reinforced polymer composites. A number of different resins are available, but most represent large families of different systems that can be tailored for specific applications, such that a number of precursors are used. Typically, these are derived from petrochemical sources, although it is possible to source some precursors from refined bio-mass.
The aim of the current work was to provide a practical assessment of the contribution of the manufacturing process of a multi-part resin formulation to a range of environmental impacts. As a part of this, a multi-stage methodology, the first of its kind, which is more relevant for the batch processes used to manufacture many structural thermosetting polymer systems, was developed, and this has been applied to a range of resins, some of which include bio-mass derived precursors. In the following sections, details are given of the resin systems examined and the precise methodology employed, including boundary conditions for the LCA. The results are presented and discussed, enabling a range of conclusions to be made.
Materials and Methodology
Materials
The current research is based on a commercially available resin system: this system, together with development variations, the production process and the results have been anonymised. The two main types of thermosetting resin systems that are manufactured at Scott Bader's site at Wollaston are unsaturated polyesters (UPs) and urethane methacrylates (UMas); sometimes these are blended. In the previous work, a urethane methacrylate/unsaturated polyester resin system was used in the preparation of natural fibre and cellulosic fibre reinforced polymer composites [17] [18] [19] , and hence, this resin was used here as the baseline system. This system was produced by combining a base resin (henceforth referred to as 'R'), with additions of two other resins (A1 and A2) to form the final resin system. In the current study, identical monomers derived from petrochemical and biomass sources were compared, together with different diluents/diluent content.
The raw materials for these resin systems arrive on site either by lorry (24+ ton) or tanker (21+ ton). The liquid based raw materials are stored in tanks and can then be pumped into a reaction vessel (the reactor). The solid raw materials are transported around the site by forklift truck.
The resin system is manufactured in a six ton capacity reactor: the capacity of the reactor was chosen as the functional unit for the assessment. As noted above, LCA of the manufacture of polymer resin systems is usually aggregated when in reality it is usually a multi-stage process. These stages can vary in duration (e.g., several minutes to hours) and operating temperature (hence the reactor and its contents require heating or cooling (as appropriate) and different raw materials are added at each stage. The reactors at Scott Bader are steam heated. This steam is produced on site by gas powered boilers. The reactor is cooled using cold water in a closed system (a cooling tower is located on site). The stirrer within the reactor is constantly on during the manufacture of the resin to ensure sufficient mixing. In addition, nitrogen gas is pumped into the reactor at a flow rate of 20 l.min −1 in order to purge the reactor of volatiles. This nitrogen is supplied from a liquid source. The stirrers within the reactors are electrically powered with a variable load motor. The electricity is supplied from the National Grid.
Once manufacture is completed, the resin is stored in containers. The reactor is then cleaned with a cleaning agent. This cleaning agent is reused four times before it is reprocessed into fresh cleaning agent (recycled). The resin systems are commonly stored in one ton intermediate bulk containers (IBCs) . When a resin system leaves for a customer, it can be transported in sizes ranging from a 25 kg steel keg to a tanker.
The following stages have been derived from the batch process sheet (i.e. the formal manufacturing instructions) for this resin system:
1.
Initial base polymers, catalysts and inhibitors are put into the reactor. This first stage contributes approximately 25% of the final mass of the batch. The raw materials within the reactor are heated to 80 • C.
2.
Once the temperature of the reactor has stabilised at 80 • C, the reactive component raw material is drip-fed into the reactor. This component equates to 15% of the final mass. It takes roughly two hours for this stage to complete. Owing to the exothermic reaction, no heating or cooling was required to hold the temperature at 80 • C. The piping system is flushed with a small amount of diluent.
3.
The reactor is then maintained at a temperature of 80 • C for the next two to three hours with steam heating.
4.
The reactor is cooled to 40 • C. The bulk of the cross-linking agent is added (30% of the final mass). Within this stage there is the addition of approximately 10% of another urethane methacrylate base resin and approximately 15% of an unsaturated polyester base resin.
In order to visualise the different stages of manufacture for the resin system, an initial flow diagram was created, Figure 1 . The next section takes this overview of the resin production and considers this in the context of carrying out a life cycle analysis. The methodology used here, with boundary conditions, is described. 
Life Cycle Assessment Methodology
The resin system at the centre of the current study is used in a wide range of applications, and therefore, in the current context, a cradle-to-cradle assessment was not possible and a cradle-to-grave LCA would not be appropriate. Instead, the current work focuses on the production of the resin in a cradle-to-gate analysis: here, 'gate' is taken to mean the output from the reactor, rather than the factory gate, as the subsequent effects are (a) negligible and (b) the same for all systems produced.
Initially, the material flow for the LCA was broken down into five main areas, which cover cradle-to-gate (Figure 1 ). These areas are the manufacture of the raw materials and transport to site ("Wider System"), pre-processing and site distribution ("Scott Bader" from Goods In to Reactor In), the production process ("Reactor" from Reactor In to Reactor Out), post-processing (from Reactor 
The resin system at the centre of the current study is used in a wide range of applications, and therefore, in the current context, a cradle-to-cradle assessment was not possible and a cradle-to-grave LCA would not be appropriate. Instead, the current work focuses on the production of the resin in a cradle-to-gate analysis: here, 'gate' is taken to mean the output from the reactor, rather than the factory gate, as the subsequent effects are (a) negligible and (b) the same for all systems produced. Initially, the material flow for the LCA was broken down into five main areas, which cover cradle-to-gate ( Figure 1 ). These areas are the manufacture of the raw materials and transport to site ("Wider System"), pre-processing and site distribution ("Scott Bader" from Goods In to Reactor In), the production process ("Reactor" from Reactor In to Reactor Out), post-processing (from Reactor Out to Goods Out) and Lifetime (Goods Out to End of Life). For the current cradle-to-gate analysis, the latter two stages were not included.
Where LCAs were carried out for polymers, the production stage is usually treated as one process and various assumptions were made to account for the different steps in the manufacturing process. Here, the Reactor stage was broken down into four sub-stages in order to more accurately assess the energy used during batch production. The sensitivity of the system to changes in raw materials was investigated.
As the formulation of the resin systems utilises specialist monomers, the data for some of these chemicals were not available. In a number of instances (25%), it was possible to find data for another isomer of that chemical and it was thus assumed that the supply chain and production conditions for two isomers would be quite similar. Within the model, data were not available for approximately 20% of the final mass. Whilst this is not an ideal situation for an LCA, it is by no means unusual and is discussed in depth in the Handbook on Life Cycle Assessment [34] . It is suggested that typically one can cut off a flow for which there is insufficient data if it contributes less than 1% of the total flow. This can be measured in economic or mass terms. Whilst no guidance is provided on what the total amount of omitted mass can be, it is acknowledged that a total of 20% of the final mass is quite a considerable proportion to omit from consideration. However, these components are a) minor constituents (catalysts and inhibitors in the resin, for example, amounted to less than 0.1%) and b) are generally found in both the commercial and developmental resins, and therefore, can be treated as having a comparable effect on both systems.
An LCA can consider a number of environmental impact categories. In the current context, Non-Renewable/Abiotic Resource Depletion or Land Use have not been considered; instead, the LCA focuses on: The life cycle inventory analysis was completed using a software package (GaBi v.4.4). GaBi is product sustainability software developed by PE International. The software provides for data collection and management, modelling, results and interpretation analysis, and contains databases of cradle-to-gate inventories for a large number of intermediate chemicals and final products as well as energy sources (fuels, electricity, steam etc.).
As a consequence, this model used a number of new processes (excluding the repeats of the four reactor stages in the manufacture of different resins) including:
• Nitrogen Evaporation: This process assumed that 1 kg of liquid nitrogen input equalled 1 kg of nitrogen output. There are no other inputs or outputs. The nitrogen is used in the reactor is fed continuously throughout the entire manufacturing process at a constant rate.
•
Reactor Stage 1: This process adds the first set of materials (monomers, diluents, catalysts, inhibitors and nitrogen gas) and energy during the first stage of manufacture and the outputs are an intermediate resin (#1) and nitrogen gas (which is released to the atmosphere).
• The LCA focused only on the inputs and outputs directly associated with the manufacturing of the resin system, i.e., wastage, power and heating for factory (not linked to reactor) and on-site distribution was excluded. The reactor where the resin is manufactured was considered the foreground process (bold line in Figure 1 ) and study was to cover 'cradle' to 'gate'. The 'gate' of this study was set to the Reactor Out boundary (Figure 1 ), i.e., post-manufacture activities, such as reactor cleaning and packaging, were not considered.
As the aim of this study was to make qualitative assertions based on quantitative estimates, the results were presented as relative contributions. The main comparison of interest was the relative contribution of Scott Bader's processing (energy) input and the embodied impact of the raw materials. The data were also normalised against total European data (CML2001 EU 25+3) to understand the environmental impacts that have the greatest relative contribution.
For foreground processes, the manufacture process used quantities and timings based on the batch sheet for that particular resin. The motor rating on the reactor is 15 kW. To calculate the heating requirements of the reactor, the individual heat capacities of the raw materials were used. The background processes included the production of these raw materials (Ecoinvent and PlasticsEurope databases-European averages where available) and an electricity mix based upon the average UK power mix. Owing to the lack of availability of exact data, it has been assumed that:
• 100% power load on stirrer for first three minutes of manufacture to approximate the energy required to get the reactants up to speed; Within the boundary conditions of the system, a number of exclusions have been necessary due to a lack of appropriate data for the assessment. Some of these exclusions, such as the contribution from catalysts and inhibitors, fell within the accepted cutoffs for LCA, i.e., the total mass was less than 0.01% of the batch. Others, such as local and off-site transportation, packaging of the product, power for pumping of raw material into reactor (assumed to be low), wastage (filtering waste and remnants with reactor) and cleaning, were independent of a specific resin system. As such, whilst these would be required for an attributional assessment, in the context of a consequential model, these exclusions can be made.
Results and Discussion
Overview
The LCA model showed that of the eight environmental impacts considered, four were significant and four were not. A breakdown of the contribution from the materials as supplied and the on-site process is presented in Figure 2 and from this it can be seen that the on-site processes add comparatively little to the environmental impact of the raw materials. Further, in three out of four cases, the main resin system gives the greatest environmental impact rather than the additions. These data, for all eight environmental impact categories, were then normalised against total European data (CML2001 EU 25+3), and this normalisation is presented in Figure 3 . Following a review of the raw materials, a number were noted to be giving disproportional impacts. Data from the Ecoinvent database, together with some potential alternatives is summarised in Table 1 . Outputs from the model are discussed in more detail in the following sections. cases, the main resin system gives the greatest environmental impact rather than the additions. These data, for all eight environmental impact categories, were then normalised against total European data (CML2001 EU 25+3), and this normalisation is presented in Figure 3 . Following a review of the raw materials, a number were noted to be giving disproportional impacts. Data from the Ecoinvent database, together with some potential alternatives is summarised in Table 1 . Outputs from the model are discussed in more detail in the following sections. In order to understand the effect that adjusting boundary conditions and exclusions had on a model, it was necessary to conduct a sensitivity analysis. The three areas where sensitivity analysis was conducted were the potential underestimation of heating requirements, off-site transportation In order to understand the effect that adjusting boundary conditions and exclusions had on a model, it was necessary to conduct a sensitivity analysis. The three areas where sensitivity analysis was conducted were the potential underestimation of heating requirements, off-site transportation and slight changes to the resin formulation. The latter is significant as commercial resin systems are frequently modified at the request of the customer in order to meet a specific criteria, whilst maintaining the overall performance of the base resin system.
Potential Underestimation of Energy Input for Heating
Owing to the limited availability of data, data for an 89% efficiency steam boiler provided in the Eco-invent database was used. However, the boilers at Scott Bader are over 25 years old (non-condensing) and have an estimated efficiency of 60%. In addition, there are heat losses due to piping as well as the efficiency of thermal transfer between the steam and the reactor. Potentially, therefore, there is some uncertainty over the required amount of natural gas, which could lead to underestimation of the GWP impact category. To investigate this, the model was adjusted to use five times more energy from steam. This was deliberately an extreme adjustment; the total contribution to GWP from Scott Bader's processing remained less than 1% of the total impact, increasing from 0.23% to 0.84%.
This adjustment has led to the relative GWP from electricity within the 'processing' to decrease from 20% to 5%. This result illustrates that in the case where on-site heating is of the order suggested here, Scott Bader's contribution to the resin's GWP potential is mainly through heating, but that electricity use would still be a significant contributor to the carbon footprint directly under Scott Bader's control (the so-called Scope 2 emissions when doing a carbon footprint), and thus, merit consideration when attempting to find opportunities for improvement in environmental performance. This also emphasises the importance of obtaining accurate information about the exact steam (and hence gas) usage.
Off-site Transportation
As Scott Bader has a worldwide manufacture and distribution network, the different manufacturing sites source raw materials from and distribute products to their regional area. In order to estimate the environmental impact for the transportation of the raw materials, a model was developed, which assumed that:
• these products will travel 1500 miles (equivalent distance of Wollaston, England to most edges of Europe); • materials are transported on 32 ton trucks (24.7 ton cargo capacity) with Euro 4 emission rating; • 40% of travel is on motorways, 40% is on out of town roads and 20% is in urban areas; • 85 wt.% cargo utilisation (accounting for empty journeys).
The results for the transportation step show that the GWP per kilogram of cargo is equivalent to 0.125 kg of CO 2 . As the GWP for one kilogram of the resin system was calculated to be equivalent to 5.7 kg of CO 2 , if transportation was included, it would represent around 2% of the total GWP of that product. In addition, transportation represented less than 1% in most of the other environmental impact categories
Adjustments to the Formulation
As the polymer backbone within unsaturated polyester resin systems is manufactured from a blend of saturated and unsaturated acids and alcohols, there are many permutations possible from the variety of monomers and their concentrations within a polymer system. As it is common practice to adjust the monomer concentrations within the formulation to form a new system, this alteration could have an effect on the environmental impacts.
Previously, it has been shown that the majority of the human toxicity environmental impact of the resin system was attributed to a monomer that was less than 2.5% of the formulation. Thus, if the concentration of that monomer in the formulation was increased then the human toxicity potential could become an impact of concern.
To further assist in understanding the potential issue of adjustments to a formulation, Table 1 shows some of the environmental impact categories for a selection of monomers (mass of 1 kg) from the Ecoinvent database (European averages). The data within this table shows that some monomers can have environmental impacts that are an order of magnitude (or more) greater than other monomers.
In a few instances, the monomers have generally high or low impacts across the presented categories. For example, adipic acid has shown relatively high environmental impacts, whereas diethylene glycol has relatively low environmental impacts. In other instances, the monomers have only a few categories with a high environmental impact. Methyl methacrylate has a very high acidification potential and photochemical oxidant creation potential, whereas propylene glycol has a high human toxicity potential. Therefore, adjustments to a monomer concentration within a formulation of an unsaturated polyester system should only be made after careful consideration of all the environmental impacts.
Disproportionate Impacts
Once the materials segments were broken down to the relative contribution of each of the resin components, it was found that the diluents contributed:
• 81% of the POCP impact.
• 73.1% of the AP impact.
• 72% of the GWP impact.
Clearly, therefore, diluents represent an area of interest for those looking to reduce material-related impacts. Whilst the role of the diluent has historically been crucial (particularly with respect to UP resin systems) in taking a material from an interesting but uneconomic material to a commercial success with widespread applications, in order to maintain this usage it is necessary to identify alternative diluents (or alternatives to diluents) with reduced impact upon the environment.
Furthermore, when the impact of the materials and processing were split, it was observed that one part of the blended system, representing around 20% of the resin system's mass, was responsible for 64% of the human toxicity potential. Further analysis showed that of this part, one monomer was the main contributor to the impact, (52.9% of the HTP), despite contributing less than 2.5% of the resin system's mass. Therefore, this too indicates a particular area for scrutiny.
The data summarised in Table 2 suggest that the model used is providing numbers that are in the right ball park for resin systems. It was expected that the Energy Input and GWP of the resin system would be close to the results for the unsaturated polyester and epoxy resin systems, because they are both manufactured from petrochemical based feedstocks. Without over-interpreting the findings, especially when it is not possible to compare the system boundaries and assumptions for the LCAs of the three resins, it is worth noting that a possible explanation as to why the resin had a lower Energy Input and GWP is that the raw materials are different to the raw materials used in the unsaturated polyester and epoxy resins. Additionally, there may be the chance that the 20% of mass of material omitted may be responsible for this difference. 
Implications
The Environmental Impact of Resin Production
When the results for the environmental impact categories were broken down into the materials and process groupings it is of note that the on-site contribution to the environmental impact for the resin system was commonly less than 0.2% of the product in each of the impact categories. Even if it is assumed that the energy for heating was underestimated by a factor of five, the on-site contribution to the environmental impacts was still less than 1%.
This analysis does not mean that resin manufacturers have no control over reducing environmental impacts. The results of the LCA suggest that there are two groups of people who have the potential to significantly reduce the environmental impact of resin systems: the polymer chemists and the purchasers of raw materials.
For example, the formulation (the monomers that make the polymer, and including the diluents that aid processability) of the resin system, can be revised with a focus on options with lower environmental impacts when developing new products. At the same time, the suppliers of the raw materials can be selected based upon the environmental impact of their product (e.g., there is usually more than one manufacturing method for a particular monomer and different manufacturers may have access to different energy sources some of which may be less carbon intensive). Even if the raw material is sourced further afield, the extra transportation environmental impact could be lower than the improved environmental impact of that particular raw material.
Interestingly, it should be noted that for the options available within the current study (i.e., oils derived from petrochemical or vegetable sources), it appears that the environmental impacts are relatively insensitive to production route from which it may be inferred that the contributions from fertilisers and harvesting are comparable to extraction from the ground. However, there is much potential for examining the choice of monomers and assessing their contribution to mechanical properties against their environmental impacts, as there can be as much as an order of magnitude difference in, e.g., GWP.
As it is common practice to adjust the monomer concentrations within the formulation to form a new system, this alteration could have an effect for the environmental impacts. For example, the current analysis has shown that the majority of the human toxicity environmental impact of the resin system was attributed to a monomer that was less than 2.5% of the formulation. Thus, if the concentration of that monomer in the formulation was increased, then the human toxicity potential could become an impact of concern.
Strategy Informed by LCA
Through conducting the LCA, the results also have an effect on existing polymer development strategies.
Two particular strategies that have been affected are 'styrene reduction' and 'styrene replacement'.
In order for standard unsaturated polyester resins to cross-link between the polymer chains, styrene is used. As styrene is of low viscosity, it also acts to reduce the viscosity of the resin system. The common proportion of styrene within Scott Bader's resin systems is around 40%. During the manufacture of composite materials it is possible for styrene evaporation to occur from the unsaturated polyester (open mould-e.g., hand lamination and spray application). This evaporation of styrene is hazardous to human health, and EU directives are pushing for threshold limit values of 50 ppm (for average exposure over an eight hour period), with an aspiration that this should be reduced below 20 ppm in the future: this will be extremely challenging in some industries. As a result, there has been a focus on reducing the styrene content within unsaturated polyester resin systems, with a target reduction being of 50% (i.e.to 20 wt.% of the final resin system). It is, of course, worth noting that other manufacturing routes, including liquid composite molding (e.g., resin transfer molding, RTM; resin infusion under flexible tooling, RIFT) and in-mold gel-coating processes can potentially achieve significantly lowered VOC (volatile organic compound) emissions. However, such techniques are not suitable for all manufactured parts.
Previously, the data for styrene in Table 1 have shown that it has over double the global warming potential, acidification potential and photochemical ozone creation potential of many of the acids and glycols. This means that styrene reduced resin systems could have as much as a 20% reduced environmental impact, depending on the other monomers within the system. As a result of conducting this LCA study, there is further emphasis on this project of reducing styrene content as in addition to reducing the health impacts during use, reduction in styrene content can also improve the environmental impact of an unsaturated polyester resin system in terms of other environmental impact categories.
Following on the same lines as styrene reduction, new resins systems are being developed that use methyl methacrylate (MMA) instead of styrene in order to achieve the reduction in styrene vapours during composite manufacture. However, when the data for the environmental impacts of MMA are compared with styrene, it can be seen that MMA has a greater environmental impact (Table 1) . MMA has over twice as large a global warming potential and over three times greater acidification potential and photochemical ozone creation potential compared with styrene. Hence, the results from this LCA study have called into question the current strategy of styrene replacement with MMA as this would increase the environmental impact of these new resin systems compared with the standard resin systems.
Concluding Remarks
In order to understand the environmental impacts of the thermosetting resin systems manufactured by Scott Bader Company Ltd., an environmental life cycle assessment was conducted. This assessment focused on the manufacture of a single urethane methacrylate/unsaturated polyester resin system. This assessment has considered the use of bio-derived substitutes for feedstocks currently derived from fossil sources and a hot-spot analysis of the production process in general. Furthermore, it is the first analysis of its kind to provide a breakdown of the reaction steps, rather than simply aggregating the whole process.
The results from a model, created using GaBi, showed that the three environmental impact categories of particular significance were photochemical ozone creation potential, acidification potential and global warming potential. The results also illustrated that the manufacturing stage contributed less than 0.2% of the impact for all impact categories, i.e., that the extraction of the raw materials was the most significant contributor in a "cradle to factory gate" study.
As a consequence of the analysis, it has been demonstrated that whilst a manufacturer can make significant savings through careful management of plants and the supporting energy mix, significant improvements to the environmental impacts of resin systems can be made through the choice of particular monomers.
Some monomers form a disproportionately large portion of the environmental impact of the final product. In particular, diluents seem to be the most significant monomers to focus on in any environmental assessment. Furthermore, through sensitivity analysis for a selection of monomers, the data showed that the current strategy of 'styrene reduction' could have a positive environmental impact, whereas 'styrene replacement' could have a negative environmental impact depending on the replacement monomer used.
Overall, this study has demonstrated the value of doing an environmental life cycle assessment to support product development, procurement strategies and on-site operations.
